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ABSTRACT 
Understanding how mutualisms evolve in response to a changing environment will be critical for 
predicting the long-term impacts of global changes, such as increased nitrogen (N) deposition. Bacterial 
mutualists in particular might evolve quickly, thanks to short generation times and the potential for 
independent evolution of plasmids through recombination and/or horizontal gene transfer (HGT). In a 
previous work using the legume/rhizobia mutualism, we demonstrated that long-term nitrogen 
fertilization caused the evolution of less-mutualistic rhizobia. Here, I used two approaches to investigate 
the influence of long-term nitrogen fertilization on symbiosis and metabolism in Rhizobium. First, I used 
63 of our previously isolated rhizobium strains in comparative phylogenetic and quantitative genetic 
analyses to determine the degree to which variation in partner quality is attributable to phylogenetic 
relationships among strains versus recent genetic changes in response to N-fertilization. I found 
evidence of distinct evolutionary relationships between chromosomal and pSym genes, and broad 
similarity between pSym genes. We also find that nifD has a unique evolutionary history that explains 
much of the variation in partner quality, and our results implicate MoFe subunit interaction sites in the 
evolution of less-mutualistic rhizobia. Second, I determined metabolic fingerprints from our Rhizobium 
isolates and integrated them with data on symbiotic quality and previously determined phylogenies, 
revealing that N-fertilization significantly contributed to our observed variation in metabolic capacity.  
Despite a weak general relationship between metabolism and partner quality, importantly, there appear 
to be functionally significant relationships between certain C-substrates and partner quality. 
These results provide insight into the evolution of less-cooperative rhizobia in response to long-
term N-fertilization, which significantly contributed to observed variation in partner quality and 
metabolic capacity. Nonsynonymous substitutions in nifD appear to be major contributors to variation in 
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partner quality. Metabolic profile generally correlates poorly with partner quality, as does individual 
metabolite utilization. However, there is a relationship between functional significance of certain C-
substrates and partner quality.  
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  CHAPTER 1: GENERAL INTRODUCTION 
 
Mutualisms, cooperative partnerships between species, are among the most prevalent and 
economically important biological interactions, having diverse roles in the maintenance of biodiversity 
and nutrient cycling (Stachowicz 2001). Despite the apparent long-term stability of many mutualistic 
relationships, models predict that mutualisms should be extremely susceptible to the invasion of less-
beneficial genotypes that give less than they take from their symbiotic partners (West et al. 2007), 
leading to mutualism breakdown (Sachs et al. 2004; Holland and DeAngelis 2010). Such mutualism 
breakdown might be exacerbated under global change (Six 2009; Kiers et al. 2010), as mutualism serves 
to tie the fate of multiple species to a common destiny, and the potential breakdown of their 
interactions (from mutualism to antagonism or mutualism abandonment) could lead to an acceleration 
of global change and extinction.  
The global nitrogen (N) cycle is being drastically altered by fossil fuel combustion and modern 
agricultural practices, with N-rich fertilizers adding millions of tons of N globally, surpassing levels of 
natural N addition. Nitrogen is an essential component of many constituents of living matter such as 
proteins. Unlike other nutrients that are essential to maintaining soil fertility such as potassium or 
phosphate, nitrogen is not a significant product of mineral weathering. To be biologically available, 
atmospheric nitrogen must be broken apart and recombined with other elements in a process called 
nitrogen fixation. This flow is not spontaneous, and is naturally driven by two work intensive processes: 
lightning strikes and via enzymes in N-fixing bacteria. Lightning releases heat while passing through the 
atmosphere, and this heat converts atmospheric nitrogen to nitrogen oxides. Despite the frequency of 
lightning strikes, on the order of 100 times per second, only a small portion of total nitrogen fixation is 
achieved in this manner. The vast majority of environmental nitrogen fixation is performed by living 
organisms. In the soil, nitrogen fixing bacteria such as rhizobia convert molecular nitrogen to ammonia, 
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which is then converted to ammonium. It is possession of the enzyme nitrogenase that allows rhizobia 
to split atmospheric nitrogen, which is the first step in fixing nitrogen. 
While N-fixing soil bacteria generate ~ 97% of non-anthropogenically fixed N in terrestrial 
ecosystems (Brockwell et al., 1995), N-rich fertilizers add millions of metric tons of N to the earth, 
surpassing levels of natural N addition. It is estimated that up to 50% of deposited N is lost to surface 
and ground waters, the atmosphere, and uncultivated soils (Vitousek 1997; Vitousek et al. 1997; Smil 
2002). Anthropogenic nitrogen (N) deposition is detrimental to natural communities with effects 
spanning from decreased biodiversity (Tilman 1987; Clark and Tilman 2008) to coastal dead zones arising 
from eutrophication (Diaz and Rosenberg 2008). Moreover these increases in N availability are predicted 
to cause the breakdown of a resource mutualism of major ecological and economic importance – that 
between legumes (plants in the family Fabaceae) and symbiotic rhizobia (Rhizobiales) (N-fixing soil 
bacteria). 
 N is a key traded resource in the legume-rhizobium mutualistic symbiosis; theory predicts that 
excess N will destabilize the legume-rhizobium mutualism and lead to the evolution of less-cooperative 
rhizobia through several potential selective mechanisms (Akçay and Simms 2011). First, N-deposition 
should weaken positive fitness feedbacks between N-fixation and rhizobium fitness, because plant 
fitness (and its feedback on rhizobium fitness) is no longer dependent on symbiotically-fixed N (West et 
al. 2002). Second, because legumes are known to limit nodulation when fixed N is available from the 
abiotic environment, as previously data has shown empirically (Kiers et al., 2006), N-deposition could 
result in a prolonged free-living soil phase for these non-obligate, infectiously acquired bacteria (Sprent 
and Sutherland 1987). A shift in the prominent lifestyle phase could, in turn, either select for free-living 
traits at the expense of partner quality, or simply allow the accumulation of mutations detrimental to 
the mutualism (Sachs et al. 2011). Finally, N deposition might disrupt the stabilizing mechanisms by 
which legumes are thought to maintain high partner quality in rhizobia (e.g., sanctions, partner fidelity 
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feedback, partner choice); see discussions in (Oono et al. 2009; Frederickson 2013; Heath and 
Stinchcombe 2014). In essence, in an environment where N is no longer a limiting factor, legumes might 
cease to select for high-quality strains because additional fixed N will have limited benefits for plants. 
 Bacterial mutualists are excellent models for studying the evolution and breakdown of 
cooperation in changing environments, and for microbial adaptation in general. Bacteria are 
experimentally tractable, have short generation times, and harbor relatively small genomes, simplifying 
the detection of evolutionary responses (Elena and Lenski 2003). Ecological shifts in taxonomic 
composition and/or abundance have been shown to occur within natural bacterial communities in 
response to changing environments (Allison and Martiny 2008; Logares et al. 2013; Newton et al. 2013; 
Youngblut et al. 2013a). Yet despite ecological evidence/investigations, we still lack fundamental 
knowledge on how bacteria found in natural settings evolve in response to environmental changes. 
Whether adaptation entails genome-wide sweeps (the “ecotype model”) or site-specific sweeps 
(classical models of adaptive evolution) remains controversial (Polz et al. 2013). While adaptive variants 
in bacteria can arise from point mutations (Stallforth et al. 2013), bacteria can also evolve rapidly via 
recombination by horizontal gene transfer (HGT), a process by which foreign DNA is acquired by an 
organism. By incorporating genetic segments, whole genes, or even plasmids into their genome, 
bacteria need not rely on point mutation for new alleles (Osborn et al., 2000). As a result, HGT can 
accelerate the process of plasmid, ergo genome, evolution (Ochman et al. 2000; Norman et al. 2009). In 
addition, environmental factors such as soil type, soil moisture, and temperature have been shown to 
increase rates of HGT in closely monitored culture conditions (Richaume 1989), thereby facilitating rapid 
evolutionary responses to environmental stress (Jain et al. 2003; Beaber et al. 2004). Studying how 
rhizobial mutualists respond to novel environments informs both global change predictions as well as 
our nascent understanding of bacterial adaptation. 
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Rhizobial genes necessary for symbiosis with legumes (“symbiosis genes”) typically exist on a 
symbiosis plasmid (pSym) separate from the main chromosome (Mazur and Koper 2012). Recent work 
by Tian et al. showed that while the rate of recombination was lower than the rate of mutation in 
Bradyrhizobium and Sinorhizobium, recombination (compared to point mutation) played a larger role in 
shaping their overall diversity (Tian et al., 2012), and recent data suggest a high rate of HGT of rhizobial 
plasmids (Epstein et al. 2012). Additionally, in Tian et al., 2012 they were specifically looking at 
differences between species while it has previously been shown that differences among strains of the 
same species are as great as those between species (Ormeno-Orrillo and Martínez-Romero, 2012), they 
used Bradyrhizobium which lack symbiotic plasmids (Cytryn et al., 2008; Hahn and Hennecke, 1987; 
Haugland and Verma, 1981), as well as using Sinorhizobium where reduced variability has previously 
been observed in their plasmid profiles (López-Guerrero et al., 2012). A review of rhizobia plasmid 
population structure showed that the relationship between the pSym and the chromosome could be 
either clonal or panmictic, depending on the case (Souza and Eguiarte, 1997). A study of an undisturbed 
population of rhizobia indicated that a tight association between the pSym and chromosome is more 
relavant to natural populations, and that a panmictic structure would be more relavant to populations 
that have been heavily influenced by man or under human selection (Wernegreen et al., 1997). Sachs et 
al. (2010) sequenced symbiosis genes for a collection of nodulating and non-nodulating Bradyrhizobium 
isolates from Lotus strigosus and found that poorly effective strains were most closely related to strains 
isolated from another host genus (Lupinus), suggesting recent HGT of symbiosis genes, despite the lack 
of symbiotic plasmids in Bradyrhizobium and the reduced variability observed in Sinorhizobium plasmid 
profiles.  
In a previous study (Weese et al., 2015), we compared strains of Rhizobium leguminosarum 
(hereafter “rhizobia”) isolated from replicate long-term ecological research (LTER) field plots fertilized 
with N for 22 years to those from adjacent unfertilized control plots. Consistent with theoretical 
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predictions that N-fertilization should cause the evolution of less cooperative rhizobia, we found that 
clover plants (Trifolium spp.) inoculated with rhizobia from N plots (N rhizobia) yielded less plant 
biomass, produced fewer leaves, and lower chlorophyll content than plants inoculated with control (C) 
rhizobia (Weese et al., 2015). Analysis of a phylogeny formed from the internal transcribed spacer (ITS) 
region between the 16S and 23S rRNA genes showed that clades were comprised of both C and N 
strains, suggesting that the evolution of reduced cooperation stemmed from microevolutionary changes 
such as point mutation and/or HGT rather than an ecological shift in community composition. 
My thesis research has focused on understanding the influence of long-term nitrogen 
fertilization on the symbiotic and metabolic capabilities of Rhizobium. Utilizing data from a natural 
community of bacteria and long-term ecological research plots provided a perfect opportunity to 
investigate the ecological (i.e. community shifts) and evolutionary processes responsible for N-driven 
mutualism decline in this system. In chapter two, I investigate whether symbiosis marker genes share 
similar evolutionary histories, and if they correlate with partner quality. My third chapter investigates 
whether there is phylogenetic signal present in metabolism, if metabolic profile correlates with partner 
quality, and whether or not strains cluster by treatment. By leveraging model-based, phylogenetic, and 
quantitative genetic approaches, I am able to identify major contributors to variation in symbiotic 
quality and potential relationships between functional significance of certain carbon substrates and 
symbiotic quality.   
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CHAPTER 2: DECOUPLED GENOMIC ELEMENTS SHAPE THE EVOLUTION OF 
PARTNER QUALITY IN R. LEGUMINOSARUM BV. TRIFOLII1 
 
Abstract 
Understanding how mutualisms evolve in response to a changing environment will be critical for 
predicting the long-term impacts of global changes, such as increased nitrogen (N) deposition. Bacterial 
mutualists in particular might evolve quickly, thanks to short generation times and the potential for 
independent evolution of plasmids through recombination and/or horizontal gene transfer (HGT). In a 
previous work using the legume/rhizobia mutualism, we demonstrated that long-term nitrogen 
fertilization caused the evolution of less-mutualistic rhizobia. Here, we use our 63 previously isolated 
rhizobium strains in comparative phylogenetic and quantitative genetic analyses to determine the 
degree to which variation in partner quality is attributable to phylogenetic relationships among strains 
versus recent genetic changes in response to N-fertilization. We find evidence of distinct evolutionary 
relationships between chromosomal and pSym genes, and broad similarity between pSym genes. We 
also find that nifD has a unique evolutionary history that explains much of the variation in partner 
quality, and our results implicate MoFe subunit interaction sites in the evolution of less-mutualistic 
rhizobia. These results provide insight into the mechanisms behind the evolutionary response of rhizobia 
to long-term N-fertilization, and we discuss the implications of our results on adaptation in the 
mutualism. 
  
 
                                                            
1 Gordon, B., Klinger, C., Lau, J., Weese, D., Dettinger, B., Burke, P., Heath, K. (2015) Decoupled Genomic 
Elements Shape the Evolution of Partner Quality in Rhizobium leguminosarum bv. trifolii Unpublished 
manuscript, University of Illinois Urbana-Champaign, Urbana, IL. 
 
 7 
 
Introduction 
Nitrogen (N) is an essential nutrient for all known life (Sterner and Elser 2002), and N availability 
is a major determinant of ecology in terrestrial communities (Craine 2009; Grman et al. 2010). The 
global N cycle is being drastically altered by fossil fuel combustion and modern agricultural practices, 
with N-rich fertilizers adding millions of tons of N globally, surpassing levels of natural N addition 
(Canfield et al. 2010). It is estimated that up to 50% of anthropogenic N, which includes reduced N such 
as fertilizers and oxidized N such as atmospheric pollution, is lost to water, the atmosphere, and 
uncultivated soils (Vitousek 1997; Vitousek et al. 1997; Smil 2002). The ecological effects of this N 
deposition are detrimental to natural communities, ranging from decreases in biodiversity (Tilman 1987; 
Clark and Tilman 2008) to coastal dead zones arising from eutrophication (Diaz and Rosenberg 2008). 
Furthermore, increases in N availability are predicted to cause the breakdown of a resource mutualism 
of major ecological and economic importance – that between legumes (plants in the family Fabaceae) 
and symbiotic rhizobia (Rhizobiales). 
 Mutualisms, cooperative partnerships between species, are among the most prevalent and 
economically important biological interactions, having diverse roles in the maintenance of biodiversity 
and nutrient cycling (Stachowicz 2001). Despite the apparent long-term stability of many mutualistic 
relationships, models predict that mutualisms should be extremely susceptible to the invasion of less-
beneficial genotypes that give less than they take from their symbiotic partners (West et al. 2007), 
leading to mutualism breakdown (Sachs et al. 2004; Holland and DeAngelis 2010). Such mutualism 
breakdown might be exacerbated under global change (Six 2009; Kiers et al. 2010). This prediction arises 
from a large body of work indicating that mutualisms are quite context-dependent, making cost-benefit 
ratios for partner fitness, and ultimately mutualism stability, highly-contingent upon the surrounding 
environmental conditions (Bronstein 1994; Chamberlain et al. 2014). Moreover because partner species 
often have very different physiologies, phylogenic origins, and environmental responses, interaction 
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frequencies might also shift in response to a rapidly changing environment and lead to mutualism 
breakdown (Sachs and Simms 2006). 
Leguminous plants obtain N by pairing with soil bacteria called rhizobia, which are housed in 
root nodules and therein fix atmospheric dinitrogen (N2) to ammonium (NH4+) in exchange for plant 
photosynthates. Given that N is a key traded resource in this mutualistic symbiosis, theory predicts that 
excess N will destabilize the legume-rhizobium mutualism and lead to the evolution of less-cooperative 
rhizobia through several potential selective mechanisms (Akçay and Simms 2011). While host control 
mechanisms that favor cooperative rhizobium partners have been shown to remain active in high N, at 
least in the short-term (Kiers et al. 2006; Regus et al. 2014), it is acknowledged that long-term studies 
are needed to understand how the mutualism evolves when exposed to increased N over many 
generations. Indeed in a recent study, Weese et al. (2015) demonstrated that populations of Rhizobium 
leguminosarum bv. trifolii (Rlt) were less beneficial for their clover host plants after long-term exposure 
(22 years) to N fertilizer, and moreover that these N-evolved versus control strains were not 
phylogenetically distinct (i.e., were not separate, monophyletic lineages). Nevertheless the evolutionary 
processes leading to this phenotypic differentiation were not investigated.  
Rhizobia are excellent models for studying the evolution and breakdown of cooperation in 
changing environments, and for microbial adaptation in general. Bacteria are experimentally tractable, 
have short generation times, and harbor relatively small genomes, simplifying the detection of 
evolutionary responses (Elena and Lenski 2003). Ecological shifts in taxonomic composition and/or 
abundance have been shown to occur within natural bacterial communities in response to changing 
environments (Allison and Martiny 2008; Logares et al. 2013; Newton et al. 2013; Youngblut et al. 2013). 
Yet despite recent investigations, we still lack fundamental knowledge on how bacterial populations in 
nature evolve in response to environmental changes. While adaptive variants in bacteria can arise from 
point mutations (Stallforth et al. 2013), bacteria can also evolve via recombination, or by horizontal gene 
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transfer (HGT) (Gogarten et al. 2002; Ochman & Moran 2001), ‘the non-genealogical transmission of 
genetic material from one organism to another’ (Goldenfeld & Woese 2007), potentially facilitating 
rapid evolutionary responses to environmental stress (Jain et al. 2003; Beaber et al. 2004). If 
recombination is infrequent compared to mutation, then the entire genome should sweep to fixation 
along with a newly selected locus (i.e., the “ecotype model” (Koeppel et al. 2008)); by contrast, frequent 
recombination in natural bacterial populations could break up the linkage between selected and other 
loci (i.e., similar to classical models of eukaryotic adaptive evolution). Existing data on recombination 
within and among genomic elements in rhizobia is mixed (Orozco-Mosqueda et al. 2009), and moreover 
depends on the phylogenetic scale analyzed. Some studies have found congruent phylogenies consistent 
with a general lack of recombination at the species level in contrast to abundant recombination at the 
population level (Wernegreen et al. 1997; Kumar et al. 2015), while others have found a high level of 
consistency between the chromosome and symbiosis plasmids even at the population scale 
(Wernegreen and Riley 1999; Bailly et al. 2007; Epstein et al. 2012). Studies of other microbial species 
suggest that recombination is abundant (Reno et al. 2009; Cadillo-Quiroz et al. 2012; Shapiro et al. 2012; 
Held et al. 2013), and that the occurrence of genome-wide sweeps is rare (Polz et al. 2013). 
In rhizobia the genes necessary for nodulation (nod) and N-fixation (nif and fix) usually reside 
either on a symbiosis plasmid (pSym) or as part of a genomic symbiosis island (SI), and in Rlt they have 
previously been shown to localize to the pSym (López-Guerrero et al. 2012; Ormeño-Orrillo and 
Martínez-Romero 2013). The ability to fix N in rhizobia is derived from nitrogenases, which constitute a 
class of complex enzymes that catalyze biological nitrogen fixation by reducing dinitrogen to ammonia. 
Rlt possess the commonly studied Mo-dependent nitrogenase which is primarily composed of a 
heterotetrameric MoFe-core encoded by nifD and nifK that catalyzes the reduction of nitrogen to 
ammonia, and a dinitrogenase reductase Fe-subunit encoded by nifH that provides electrons to 
nitrogenase and ATP-derived energy for catalysis  (Stacey et al. 1992; O’Carroll and Dos Santos 2011). 
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Previous studies have found evidence that nifH has a different history of horizontal gene transfer from 
the nifDK enzyme core and that genetic divergence of nifH and 16S rRNA genes does not commonly 
correlate well for microbial species (Gaby and Buckley 2014). Haukka et al. (1998) concluded that the 
phylogeny of nifH was generally inconsistent with 16S, but was broadly similar to that of nod genes. 
Indeed, phylogenetic trees based on sequences of nod genes are generally not congruent with those 
based on 16S rDNA sequences, but the nod trees show some correlation with host plant range 
(Wernegreen and Riley 1999). 
The extent to which sequence divergence accounts for recent phenotypic change should differ 
between marker loci, with strong phylogenetic signal near causative loci; moreover, the degree to which 
genome-wide (versus unlinked/site-specific) sweeps contribute to phenotypic divergence should be 
reflected by the degree to which all loci in the genome display phylogenetic signal. Here we use the 
collection of N-evolved and control R. leguminosarum strains previously isolated from the long-term N-
deposition experiment at the Kellogg Biological Station LTER site (Weese et al. 2015) in phylogenetically-
informed generalized linear mixed-models and comparative phylogenetic analyses to determine the 
congruence between strains of Rlt based on pSym genes and the chromosomal internal transcribed 
spacer (ITS) region that lies between the 16S and 23S rRNA genes, and to estimate evolutionary 
relationships among N-evolved and control strains. We chose nifD and nifH as markers of nitrogen 
fixation, and the nodD-A spacer as a marker of nodulation genes. If nif explains the majority of partner 
quality variation, this would suggest that a reduction in N-fixation efficiency has driven changes in 
partner quality. Alternatively, if nod explains the majority of partner quality variation, this would imply 
that a host range shift has driven the decrease in partner quality. Finally, the degree to which these loci 
are congruent is illustrative of the relative importance of recombination and HGT on their evolution.  
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Methods 
Study system and sequencing: Briefly, our study focuses on a collection of Rhizobium 
leguminosaurum bv. trifolii strains (from Weese et al. 2015) previously isolated from a long-term N-
deposition experiment at the Kellogg Biological Station LTER site (Huberty et al. 1998). In previous work, 
we performed a single-inoculation experiment in which three species of clover were inoculated with 63 
strains isolated from either N-fertilized (28 strains) or control plots (35 strains). Rhizobium strains from 
N-fertilized plots were of lower mutualistic partner quality (i.e., they resulted in plants with fewer leaves 
and biomass and lower chlorophyll content). See Weese et al. (2015) for full methods on rhizobium 
isolations and quantitative trait phenotyping. Each strain was grown in TY (Vincent 1970) liquid media 
prior to DNA extraction via the Qiagen Gentra Puregene Yeast/Bacteria kit (Qiagen, Valencia, CA). Three 
loci from the pSym-located symbiosis island were amplified via PCR: nifH and nifD, which encode 
dinitrogenase reductase and the α-subunit of dinitrogenase (which are the key components of the 
nitrogenase enzyme complex), respectively, and the nodD-A region, which spans the intergenic region of 
nodD and nodA genes. PCR was performed using the GoTaq PCR protocol (Promega) and successfully 
amplified samples were sequenced at the University of Illinois at Urbana-Champaign W. M. Keck Center 
for Sanger sequencing. All ambiguous base calls were manually confirmed using Sequencher 5.1 (Gene 
Codes Corporation 2012). The ascension number for NifD used in the protein alignment is 
YP_009081007 (Rhizobium leguminosaurum bv. trifolii) (Miller et al. 2007). All sequences were aligned 
and phylogenies constructed using Seaview 4.5.3 (Gouy et al. 2010) with MUSCLE (Edgar 2004) and 
default alignment options. Maximum likelihood trees were constructed in PhyML3 using the GTR model, 
without invariable sites, optimized across site rate variation, NNI tree search and a BioNJ starting tree 
with optimized topology; branch support was determined using the SH-like approximate likelihood-ratio 
test (aLRT).  
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Phylogenetic and mixed model analyses: Unless otherwise noted, all tests of congruence and 
recombination were implemented using R (R Core Team 2013). We first used the Shimodaira-Hasegawa 
likelihood ratio test (Shimodaira and Hasegawa 1999), SH.test() in package phangorn (Schliep 2011), 
which tests the null hypothesis of congruence by comparing the node log likelihood values from two 
maximum likelihood phylogenetic reconstructions. Next, we applied a Procrustes Approach to 
Cophylogeny (PACo) analysis (Balbuena et al. 2013) implemented in the ape and vegan packages 
(Paradis et al. 2004; Oksanen et al. 2013) to provide a measure of topological congruence by assessing 
the degree to which one phylogenetic distance matrix predicts another (i.e., is significantly better than 
random).  
Briefly, using packages adephylo, ape, and phylobase (Paradis et al. 2004; Jombart et al. 2010; 
Bolker et al. 2013), we utilized phylo4d() to combine our phylogenies and data set to visually assess the 
distribution of partner quality on the phylogenies. Finally to visually assess whether incongruence was 
restricted to a particular clade or region of the tree, we formed tanglegrams using the software 
Dendroscope 3 (Scornavacca et al. 2011; Huson and Scornavacca 2012). The amount of tangle, or the 
degree to which lines cross, is a rough approximation of topological incongruence, and while 
tanglegrams ignore support values on the trees, they allow a determination of whether incongruence 
segregates by region or clade. 
We used phylogenetic generalized linear mixed models (GLMMs) to estimate the proportion of 
rhizobium partner quality variation attributable to phylogenetic variation (i.e., linked to the phylogenetic 
marker locus) versus the recent N fertilization treatment (i.e., changes elsewhere in the genome in 
response to N fertilization). This analysis, implemented using the MCMCglmm package in R (Hadfield 
and Nakagawa 2010), jointly estimates the effects of a phylogenetic distance matrix and other variables 
on quantitative trait variation (chlorophyll content, leaf number, root mass, shoot mass, and stolon 
number), similar to the “animal model” of quantitative genetics (Wilson et al. 2010). We ran separate 
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models that included N treatment and either the ITS phylogeny or the pSym phylogenies. We followed 
the recommendations specified by Hadfield (2010, 2012) and Villemereuil et al. (2012) for stipulating the 
MCMCglmm priors by dividing the observed phenotypic variance evenly between the effects (the 
phylogeny and N treatment), with a shape parameter of 1 (weak, to account for phylogenetic 
uncertainty), and using 1,000,000 iterations with a sample interval of 50 and a burn-in of 100,000. 
GLMM trace plots were free of pattern, and autocorrelation among samples calculated between 
iterations were all less than 0.1, indicating that the model had performed well (Hadfield 2010).  
 
Results 
Our analyses of phylogenetic congruence among the four loci indicate recombination among 
loci, but suggest that, despite the very different patterns of partner quality variation, the pSym loci are 
more congruent with each other compared to the ITS. Of the three pSym loci, nifD/nifH are the least 
congruent, with nifH/nodD-A most congruent in PACo, and nifD/nodD-A most congruent via the SH test 
(Leigh et al. 2011). The SH test rejected congruence for all pairwise comparisons of loci in our study 
(Table 1), consistent with among-locus recombination. The PACo test, however, supported congruence 
among the pSym genes, but incongruence between the ITS and each of the three pSym genes (Table 1). 
Finally, tanglegrams comparing the ITS to pSym loci show a high degree of entanglement and 
comparisons with nifD indicate that incongruence is primarily confined to a pair of clades or regions of 
the tree (Figure 1), whereas tanglegrams comparing among pSym genes appear less tangled (Figure 2). 
Phylogenetic resolution at the pSym loci may be hampered by limited taxon sampling due to PCR failure 
(nifD: 55/63; nifH: 54/63; nodD-A: 37/63), and increased sampling would likely improve phylogenetic 
accuracy. We hypothesize that PCR failure was due to gene loss, either of the specific locus, SI, or 
plasmid in its entirety. 
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We found that partitioning of partner quality variation depended considerably on the locus 
analyzed. The N fertilization treatment explained the majority of rhizobium partner quality for nearly all 
models that included the ITS, nifH, and nodD-A phylogenies (Figure 3). These findings would suggest that 
loci elsewhere in the genome (i.e., apart from these three marker loci) have changed in response to N 
fertilization. Conversely, in our analysis of nifD, phylogeny explained the vast majority of partner quality 
variation (Figure 3), and two clades of generally high and low quality stand out when partner quality is 
mapped to the tips of the tree (Figure 4), potentially implicating genetic changes within nifD in partner 
quality variation.  
Using an amino acid alignment of nifD with the reference, we determined that the reference 
along with all of the strains from the high quality clade have a methionine at residue 244, whereas all of 
the strains from the low quality clade possess a tyrosine. Residue 244 is a MoFe subunit interaction site, 
and previous studies have shown that changes to these sites can alter an organism’s ability to fix N 
(Brigle et al. 1987). Additionally, strain 116 which stands out as a low quality member of a high quality 
subclade, is the only strain in the clade that possesses a mutation at residue 100, which is another MoFe 
subunit interaction site.  
 In contrast to the other partner quality traits (leaf number, stolon number, and plant biomass), 
the ITS phylogeny accounted for a large proportion (23.4%) of the variance in chlorophyll content (Figure 
3); moreover, including N treatment in the model of chlorophyll content did not improve model fit 
(Table 1). These results suggest that causative loci underlying variation in partner chlorophyll content 
might be linked to the ITS region, most likely somewhere on the chromosome. 
 
Discussion 
Mutualisms are thought to be susceptible to anthropogenic change, although the ecological and 
evolutionary processes that drive mutualism decline are not yet understood. Microbes are key players in 
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many important mutualisms, including the N-fixing legume-rhizobium symbiosis; therefore, 
understanding the evolution of rhizobium partner quality in natural populations can shed light on the 
evolution of bacteria in nature and the maintenance of mutualisms in general. Building on our previous 
phenotypic analysis (Weese et al. 2015), which indicated that rhizobia from N-fertilized plots were less-
beneficial symbionts of clover, we compared evolutionary histories of four gene sequences (one on the 
chromosome and three pSym genes) with phylogenetic mixed modelling to investigate the evolutionary 
process underlying the observed reductions in partner quality. Our results indicate that the ITS region 
and the pSym have different evolutionary histories and relationships with rhizobium partner quality, but 
that patterns for chlorophyll content differed from other measures of partner quality. Our results differ 
from expectations under the ecotype model with zero recombination, but do suggest significant 
phylogenetic signal in partner quality, particularly at nifD, but also the ITS for chlorophyll content. We 
discuss these main results below. 
Our findings indicate both phylogenetic signal and N treatment contribute to among-strain 
variation in partner quality, and thus implicate evolutionary changes in response to experimental N 
treatments as well as among-lineage variation for mutualism. Given the results of our quantitative trait 
modeling and various analyses of congruence/coevolution, however, it appears that the pSym and the 
chromosome have different evolutionary histories. By contrast, more congruence among the three 
pSym genes suggests that these genes are in partial linkage and that they are more likely to move as a 
functional unit. An alternative explanation is that phylogenetic uncertainty is driving incongruence, as 
coevolving genes that lack in phylogenetic signal may appear incongruent due to random noise 
(Zaneveld et al. 2008). Given previous work showing that rhizobium symbiosis plasmids are self-
transmissible (Bittinger et al. 2000) and that novel symbiosis islands can confer a strong selective 
advantage (Parker 2012; Horn et al. 2014), it is possible that recombination or lateral gene transfer of 
the pSym across ITS backgrounds has led to the differing signals in the various loci. 
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What do our data suggest about the evolutionary process leading to partner quality decline in 
high N plots? Because we find evidence for both phylogenetic signal at our marker loci (particularly at 
nifD) and unlinked evolutionary changes in response to N treatment, we can reject a strict one-to-one 
relationship between phylogeny and partner quality and thus strict clonal evolution. Nevertheless the 
correct interpretation of these findings regarding the evolutionary process that has occurred during the 
last 22 years depends somewhat on the age of these rhizobium lineages, compared to the length of the 
ecological experiment. On the one hand, if the phylogenetic signal in our dataset predates the LTER 
treatments (1988), our findings are consistent with the hypothesis that a combination of lineage sorting 
(changes in abundance of pre-existing lineages) and microevolutionary changes has driven the 
difference in partner quality between N-evolved and control plots. On the other hand, if these lineages 
have diversified since the N treatments were first established, then our findings would suggest that 
particular lineages have increased in frequency along with adaptive changes in partner quality. Another 
interpretation would be that 22 years is not long enough for complete lineage sorting of recent 
substitutions. Given current best estimates of point mutation rates in bacteria (Wielgoss et al. 2011), we 
would expect approximately four mutations over the course of our 22 year experiment, yet we find 19 
informative sites, which implies that the phylogenetic signal predates the LTER treatment. Nevertheless, 
all three scenarios imply a mix of clonality and recombination consistent with other recent studies of 
bacteria in nature (Feil et al. 2001; Hanage et al. 2006; Narra and Ochman 2006; Pérez-Losada et al. 
2006; Vos and Didelot 2009). 
 Our results showing that the nifD phylogeny accounts for the vast majority of variation in 
partner quality suggests a causal relationship between the locus and measures of partner quality, 
particularly given the lack of variation accounted for by phylogeny at nifH or nodD-A. This finding is 
consistent with the known importance of nifD in the mutualism (Hennecke 1990; Spaink et al. 1998), 
and previous studies of MoFe subunit interaction sites (Brigle et al. 1987), where mutations or deletions 
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lead to drastic changes in the efficiency of N-fixation. Brigle et al. (1987) found that mutations at MoFe 
subunit interaction sites can lead to normal, slow, or no growth, with ancillary expression of nif-specific 
components was unaffected, and normal levels of both MoFe subunits accumulated in mutants.  
While we are unable to rule out the possibility of linked loci elsewhere on the plasmid, it should 
be noted that there is divergent signal between nifD versus the structurally adjacent nifH/nodD-A 
despite evidence of coevolution, which implies a lack of causally-linked loci near our markers. The 
contribution of chromosomal loci is inconclusive based on sequencing the ITS alone. Understanding 
which loci determine partner quality and underlie the difference between N-evolved and control 
rhizobia will require genome-wide sequencing, which is currently ongoing. Our current evidence implies 
that HGT has played a role in contributing to the reduction in partner quality in N fertilized strains. 
Specifically, our findings suggest that conjugative transfer of the pSym and subsequent homologous 
recombination of nifD might be a mechanism of HGT, consistent with previous findings on the 
architecture and nature of rhizobial plasmids (Mercado-Blanco and Toro 1996; Herrera-Cervera et al. 
1998; Ding et al. 2013). 
Interestingly, the ITS phylogeny accounted for considerable variance in chlorophyll content 
(>23.4%), a key measure of partner quality; this was quite different from other measures of partner 
quality, where phylogeny never accounted for >3.2% of variation in partner quality. This finding 
seemingly contrasts with the fact that chlorophyll content and other measures of partner quality are 
correlated among strain means (chlorophyll content ~ shoot mass, r2=0.87, p < 0.0001; chlorophyll 
content ~ leaf number, r2=0.80 p < 0.0001). Partner quality traits are quantitative, varying more-or-less 
continuously among strains (Weese et al. 2015); therefore, these complex phenotypes are likely to be 
underlain by multiple loci, some of which might contribute more to some traits than others. Our findings 
might suggest that the ITS region is in partial linkage with loci that are important in determining plant 
chlorophyll content, but more work would be needed to test this hypothesis. 
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Conclusion 
Here, we have found that nifD explains much of the variation in partner quality, and we 
implicate MoFe subunit interaction sites as the primary driver of reduction in partner quality. We find 
that the phylogenies of pSym genes are not consistent with the phylogeny of the ITS region, but are 
broadly similar to each other. These results suggest HGT of nifD despite the role of recombination in the 
pSym. Further sequencing will be required to determine if additional changes throughout the genome 
have driven reductions in partner quality, and to elucidate the role of recombination and HGT on whole-
genomes. 
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CHAPTER 3: RHIZOBIUM LEGUMINOSARUM BV. TRIFOLII STRAINS ADAPT 
METABOLISM IN THE INCIPIENT DECLINE OF SYMBIOSIS 2 
 
Abstract 
The legume-rhizobium mutualism is one of the most ubiquitous and productive mutualisms in 
nature.  Nitrogen (N) is a key traded resource in the legume-rhizobium mutualistic symbiosis, and with 
the global N cycle being drastically altered by fossil fuel combustion and modern agricultural practices, 
theory predicts that excess N will destabilize the legume-rhizobium mutualism and lead to the evolution 
of less-cooperative rhizobia through several potential selective mechanisms. A shift in lifestyle could 
subsequently select for free-living traits such as increased carbon utilization at the expense of partner 
quality. Previously, in work by my lab and collaborators, we demonstrated that populations of 
Rhizobium were less beneficial for their clover host plants after long-term exposure (22 years) to N 
fertilizer, and moreover that these N-evolved versus control strains were not phylogenetically distinct. 
Here, our approach, whose aim was to determine metabolic fingerprints from R. leguminosaurum bv. 
trifolii isolates and integrate them with data on symbiotic quality and previously determined 
phylogenies, revealed that N-fertilization significantly contributed to our observed variation in metabolic 
capacity.  Despite a weak general relationship between metabolism and partner quality, importantly, 
there appear to be functionally significant relationships between certain C-substrates and partner 
quality.  
 
 
 
                                                            
2 Gordon, B., Heath, K. (2015) Rhizobium leguminosarum bv. trifolii Strains Adapt Metabolism in the Incipient 
Decline of Symbiosis Unpublished manuscript, University of Illinois Urbana-Champaign, Urbana, IL. 
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Introduction 
The legume-rhizobium mutualism is widespread and productive in nature. Rhizobia live inside 
specialized structures on legume roots called nodules. Once the nodule has formed, rhizobia 
differentiate into bacteroids that fix atmospheric nitrogen (N) to ammonia in exchange for 
photosynthates from the plant. N-fixing bacteria account for ~97% of all N fixed in natural terrestrial 
ecosystems, although they now account for less than 50% globally, due to the combustion of fossil fuels 
and the application of N-rich fertilizers. The ecological effects of this N deposition are detrimental to 
natural communities, ranging from decreases in biodiversity (Tilman 1987; Clark and Tilman 2008) 
Despite the long-term apparent stability (~100mya) of the mutualism (Soltis et al. 1995; Doyle 2011), 
numerous models predict the mutualism should be susceptible to invasion by bacterial genotypes who 
are less efficient than their neighbors (aka, cheaters), leading to mutualism breakdown. Such mutualism 
breakdown might be exacerbated under global change, such as long-term N-fertilization.  
Theory predicts that excess N will destabilize the legume-rhizobium mutualism and lead to the 
evolution of less cooperative rhizobia through several potential mechanisms (Akçay and Simms 2011), 
one of which is context-dependency. Because legumes are known to limit nodulation when fixed N is 
available from the abiotic environment, as previous data has shown empirically (Kiers et al. 2006), N-
deposition could result in a prolonged free-living soil phase for these non-obligate, infectiously acquired 
bacteria (Sprent and Sutherland 1987). A shift in the prominent lifestyle phase could, in turn, either 
select for free-living traits such as increased carbon utilization at the expense of partner quality, or 
simply allow the accumulation of mutations detrimental to the mutualism (Sachs et al. 2011). With a 
prolonged saprobic phase, we might see a move towards increased specialization among the N strains, 
to take advantage of an alternate niche, or alternatively, we might find evidence of a move towards 
increased generalization to cope with the compounding stresses associated with a free-living lifestyle.  
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Metabolism of carbon and other energy sources is one of several key factors that contribute to 
rhizobial fitness, such as colonization of the rhizosphere and nodule occupancy (Yost et al. 2006; 
Ormeño-Orrillo et al. 2008; Ramachandran et al. 2011; Ding et al. 2012). Carbon metabolism traits have 
previously been shown to be localized in plasmids in Rhizobium spp. (López-Guerrero et al. 2012; Mazur 
and Koper 2012), and plasmids have been shown to confer significant metabolic flexibility to rhizobia, 
which is key component of both adapting to varying soil conditions and competing for nodule occupancy 
(Wielbo et al. 2010; Mazur et al. 2013). Despite significant research in the area, knowledge of how 
accessory genes and the functional relationships between plasmids shape the phenotype and 
metabolism of bacteria is poorly understood.  
In previous work, Weese et al. (2015) demonstrated that populations of Rhizobium 
leguminosarum bv. trifolii (Rlt) were less beneficial for their clover host plants after long-term exposure 
(22 years) to N fertilizer, and moreover that these N-evolved versus control strains were not 
phylogenetically distinct (i.e., were not separate, monophyletic lineages). Here, we investigated whether 
N-evolved rhizobia differ from control rhizobia in terms of their ability to metabolize a range of 
substrates (i.e., their “metabolic profile”) while in the free-living state, and more generally whether 
partner quality variation among rhizobium strains correlates with metabolic profile variation. By 
analyzing individual metabolic profiles at the strain level, and then comparing the results across groups, 
we were able to determine whether there is a relationship between metabolism and partner quality, if 
free-living or saprobic states were under increased selection among N-fertilized plots as compared with 
control plots, if genome size is correlated with metabolic capacity and whether N-fertilization 
significantly contributed to our observed variation in metabolic capacity. 
 
Methods 
Study system and Rlt Strains.  
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Full methods for rhizobium isolations and quantitative trait phenotyping can be found in Weese 
et al. (2015). Utilizing bacteria isolated from N-fertilized and control plots at the KBS LTER site (6 
replicate plots per treatment; Huberty et al. 1998) , Weese et al. (2015) used a series of common garden 
greenhouse experiments and found that N-fertilized strains phenotypically differentiated from control 
strains. N-evolved strains were, on average, less beneficial for host plants, as evidenced by their hosts’ 
lower leaf number, biomass, stolon number and chlorophyll content. Moreover, these phenotypic 
differences were genetically-determined and the result of evolutionary shifts in mean trait values within 
a population, rather than shifts in microbial community composition (Weese et al., 2015; Gordon et al., 
unpublished). We leverage the strain mean trait values in the quantitative analyses below. 
 
Metabolic profiling using Biolog.   
We compared the metabolic profiles of N-evolved (28 strains) to control (35 strains) Rlt using 
the GN2 MicroPlate phenotypic microarray system of Biolog (Hayward, CA). GN2 MicroPlates are 96-well 
microtiter plates containing prefilled and dried selected nutrients and biochemicals along with 
Tetrazolium violet, a redox dye used to colormetrically indicate the utilization of carbon sources (source 
for this – the website or manual?). Thus each GN2 MicroPlate allows the simultaneous screening of 
microbial utilization or oxidation of 95 different carbon sources (plus one control well containing only 
dye). Previously characterized Rlt isolates were plated on agar tryptone yeast (TY) media and grown until 
colonies became visible (48-72 hrs). Individual colonies were then used to inoculate 20 mL of liquid TY 
media and incubated shaking at 28°C until turbid (24-48 hrs). Cells from the liquid culture were spun 
down and washed twice with of 20 mL of sterile H2O (Heraeus Multifuge X1 Centrifuge Series, TX-400 
Swinging Bucket Rotor, 24° C, 5 minutes, and 4700 × g). 
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One GN2 MicroPlate experiment was performed on each strain using recommended Biolog 
protocols, with the following modification: To account for the slow growth of Rlt, washed/pelleted cells 
derived from liquid culture were diluted with sterile H2O to an optical density (OD550) of 0.1 
(approximately 108 cells/ml), and 150 μl suspension of rhizobia was inoculated into each well. 
Microplates were then incubated overnight (16-24 hours) at 28° C, and absorbance at 450 and 620 nm 
of each well was measured using Sunrise™ microplate reader (Tecan, Männedorf, Switzerland). To 
control for any plate-level variation in inoculation density, OD values were corrected using background 
color developed in the least fluorescent well (aka, control well, A1). 
 
Sequencing.  
See Klinger (2015) for complete methods. Briefly, Genomic DNA was extracted using a modified version 
(http://friesen.plantbiology.msu.edu/?p=133) of the MasterPure™ DNA Purification Kit (Epicentre). 
Libraries were generated using the Nextera XT DNA Sample Prep Kit (lllumina, San Diego, CA) and 
quantified with a Qubit fluorometer 2.0 (Life Technologies, Carlsbad, CA) prior to normalization. 
Normalized libraries were sequenced on a HiSeq2000 sequencer (Illumina, San Diego, CA) at the W.M. 
Keck Center for Comparative and Functional Genomics at the University of Illinois at Urbana-Champaign. 
The A5 pipeline (Tritt et al. 2012) with default parameters was used to assemble genomes. Assembled 
genomes were annotated using the RAST server (Aziz et al. 2008) and genes from annotated assemblies 
analyzed utilizing the ITEP toolkit (Benedict et al. 2014). 
 
Statistical Analysis.  
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Unless otherwise noted, all calculations and analyses were performed in R (R Core Team 2013). 
Using the corrected OD values from the Biolog microplate wells, we analyzed the data in two ways. We 
first coded substrate utilization in the Biolog plates as binary data, with wells showing 25% greater 
fluorescence than the control well (OD > (1.25 * Control well (A1))) considered positive (1), and anything 
less negative (0). Second we analyzed the continuously-varying corrected OD values after normalizing so 
that each plate summed to 1. 
To estimate the variability of experimental effects including batch, a principal variance 
component analysis (PVCA) was used. This approach leverages a principal component analysis (PCA) to 
reduce data dimension and maintain variability in the data, followed by a variance components analysis 
(VCA) fits a mixed linear model using factors of interest as random effects to estimate and partition the 
total variability. The PVCA approach was used to determine which sources of variability (Biological, N-
fertilization, batch or plot of origin) are most prominent in our Biolog data set. Using the eigenvalues 
associated with their corresponding eigenvectors as weights, associated variations of all factors are 
standardized and the magnitude of each source of variability (including each batch effect) is presented 
as a proportion of total variance. To determine which traits were informing the variation attributable to 
N-fertilization, one‐way ANOVAs were performed to assess appreciable differences (P < 0.1) in C-
substrate utilization between N-evolved and control strains.  
 The relationships between the utilization of various C-substrates and the symbiotic quality of 
strains was studied using principle component analyses (PCAs), followed by regression analyses. 
Hierarchical clustering was then performed on all strains using pvlcust() (Suzuki and Shimodaira 2006) 
with absolute corrected distances and complete clustering. Using a phylogeny constructed from whole 
genome core SNP data (Klinger et al., unpublished), along with the continuous matrix and symbiotic 
quality data from previous, the degree to which utilization of a given C-substrate or symbiotic quality is 
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structured on the tree was determined using a phylogenetic principle component analysis (pPCA) 
(Jombart et al. 2010a,b). 
 
Results and Discussion 
N-fertilization has Driven Metabolic Variation.  
Using a principle variance component analysis (PVCA), we determined that N treatment of origin 
(N-fertilized or control) accounted for 13.6% (Table 2) of the overall metabolic variance in our dataset. 
The vast majority of the remaining variation was accounted for by inherent among-strain variance in 
metabolism, while spatial variation (plot nested within treatment) explained only 3.7% of the variation 
in metabolism. We followed this multivariate analysis with univariate ANOVAs to investigate which 
individual metabolites might be driving this among-treatment variance. Only six C-substrates were 
appreciably influenced (alpha<0.1) by N treatment of origin: Glycogen, Tween 40, Adonitol, i-Erythritol, 
Bromosuccinic Acid, and L-Pyroglutamic Acid (Table 3). Thus on the one hand, our multivariate results 
suggest a strong role of N-fertilization history in shaping current rhizobium metabolism; on the other 
hand, few individual substrates differ strongly between N-fertilized and control strains. These findings 
suggest that small differences in metabolism across several substrates must account for our PVCA 
results. 
All of the aforementioned C-substrates are commonly encountered within the soil, and previous 
research has indicated that their utilization plays a role in the legume-rhizobia symbiosis, as well as 
being a piece of the fingerprint of disturbed environments. The differential utilization of glycogen has 
been previously shown to influence and enhance symbiotic performance (Marroqui et al., 2001). The 
ability to utilize adonitol and i-erythritol has been shown to lie on the same locus in S. meliloti (Geddes 
and Oresnik, 2012), and to be plasmid localized (Yost et al., 2006), allowing for horizontal 
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transmissibility. Differential utilization of adonitol resulted in reduced ability to compete for nodule 
occupancy (Yost et al., 2006), which is a crucial determinant of fitness among symbiotic rhizobia. Natural 
homologues of Tween-40 can be found within the soil, and are known to affect biofilm formation, ergo, 
bacterial aggregation. The ability to aggregate on legume roots in response to flavonoid excretion by the 
plant is critical for infection, and therefore nodule occupancy, so the ability to breakdown Tween-40 and 
similar compounds can be key in the establishment of the sybmiosis, and can therefore be critical in 
determining rhizobial fitness.  
In addition to being a key determinant of rhizbobial fitness, Tween-40 utilization has been 
shown to vary in R. psuedoryzae and R. halophytocola in response to environmental disturbance (Zhang 
et al., 2011; Bibi et al., 2012). The utilization of bromosuccinic acid, as well as L-Pyroglutamic acid have 
both been shown to be highly correlated with microbial diversity in environments with applied 
“toxicants” (Tate III and Rogers, 2002). This relationship appears to hold true for anthropogenic N-
fertilization, as we have previously noted that diversity has been greatly affected in the N-fertilized plots 
(Weese et al., 2015). It may be worth noting that the utilization of these three C-substrates (Tween-40, 
Bromosuccinic acid, L-Pyroglutamic Acid) could be considered primary components of the fingerprint 
associated with N-fertilized environments. While partial fingerprints have been determined for certain 
particular applied “toxicants,” such as heavy metals, and other environmental disturbances, the 
fingerprints of many common disturbances remain as yet undetermined. Compiling a library of 
fingerprints resulting from environmental disturbances would allow for quick tests to determine many 
aspects of soil status, such as general community composition, health, and function. 
  
Lack of Ecotype Redefinition.  
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While we found that a history of N-fertilization has played a significant role in shaping rhizobium 
metabolic variance, treatment does not appear to have driven the formation of distinct metabolic 
niches, since we do not observe distinct groups based on treatment or partner quality in the hierarchical 
clustering analysis. We found three significant clusters, all of which contain both N-fertilized and 
unfertilized strains of mixed partner quality (Figure 5). Moreover, when comparing the total number of 
C-substrates utilized among N-fertilized and unfertilized strains, we find that the make-up and 
distribution of the two groups is nearly identical (Figure 5, Table 4). These findings are consistent with 
the above results suggesting that minor changes in metabolism of several substrates likely underlies the 
multivariate response of metabolism to N fertilization. It is perhaps not surprising that N-evolved and 
control strains are not entirely differentiated, given the 22-year timescale of N-fertilization in this 
experiment and the previous observation that the phylogenies of N and control strains are intermixed 
(suggesting frequent recombination between groups; Weese et al., 2015; Gordon et al., unpublished). 
 
 
Genome size and metabolism are not correlated.  
We found that overall genome size has no relationship to the total number C-substrates that 
strains were able to utilize (r2= -0.00067; Figure 6). We considered genome size to be the complete set 
of genes contained within an individual strains genome, using a binary presence/absence matrix. In 
neither case did we find that there was any significant relationship with the number C-substrates utilized 
with genome size. The tightly packed nature of the bacterial genome leads to a correspondence 
between genome size and proportional variation in amount of genes (Gregory 2005). These variations 
create a wide functional range, with smaller genomes that tend to correspond to obligatory mutualists 
or pathogens (Koonin and Wolf 2008) and larger bacterial genomes that correspond to species that 
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handle diverse environments and encode complex developmental processes (Konstantinidis and Tiedje 
2004). Here, we find a considerable amount of metabolic variation with proportionally little variation in 
genome content. This really serves to reiterate how inadequate our current knowledge is concerning 
how extrachromosomal elements and the functional relationships between these replicons shape the 
phenotype and metabolism of the bacterial cell.  
It is clear from the results of the pPCA that the utilization of C-substrates is not purely vertically 
transmitted (Figure 7). The utilization of C-substrates runs the full gamut from highly structured on the 
phylogeny, to indistinguishable from Brownian motion, all the way to highly unstructured on the 
phylogeny. While clonal descent tends to leave strong phylogenetic signal, explaining Brownian motion 
on the phylogeny, as well as a complete lack of phylogenetic structure is less clear cut. In either case, 
horizontal gene transfer of extrachromosomal elements could create some of our observed patterns. An 
alternate explanation is that enough time has passed to erase any record of phylogenetic signal, as a 
result of differential linkage and selection pressures over time.  
 
 
Conclusion 
Here, we asked if there is phylogenetic signal present in metabolism, does metabolic profile 
correlate with partner quality, and do strains cluster by treatment? By determining metabolic 
fingerprints from R. leguminosaurum bv. trifolii isolates and integrating them with data on symbiotic 
quality and phylogenies, we revealed that N-fertilization significantly contributed to our observed 
variation in metabolic capacity.  While N-fertilized and control strains do not generally differ in their 
total utilization of C-substrates, metabolic profile generally correlates poorly with partner quality, as 
does individual metabolite utilization. Importantly, despite the weak general relationship between C-
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substrate utilization and partner quality, there is a relationship between functional significance of 
certain C-substrates and partner quality. 
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FIGURES AND TABLES 
 
 
 
 
Table 1: SH-test/PACo results – Pairwise comparisons of congruence among loci; values closer to 0 represent 
improved fit. Upper right: SH-test – ln L diff; Lower left: PACo – m^2 = lack-of-fit. Sig. code: *** < 0.001, ** < 0.01, * 
< 0.05, " " > 0.5 
Locus ITS nifD nifH nodD 
ITS   7127 *** 4237 *** 4372 *** 
nifD 0.256   3939 *** 995 *** 
nifH 0.272 0.036 ***   1479 *** 
nodD 0.202 0.021 **  0.007 ***   
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Figure 1: Tanglegram, ITS/nifD – A tanglegram highlighting patterns of phylogenetic variation between the ITS and nifD phylogenies. Strains in blue represent 
poor partners and strains in red represent superior partners visually identified from trait-mapping. Bootstrap support values >0.70 have been projected onto the 
trees. 
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Figure 2: Tanglegrams illustrating reduced tangle between pSym phylogenies. 
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Figure 3: Mosaic plot, GLMM attributable variance – The percent of variance attributable to phylogenetic 
relationships versus N fertilization treatment. Black: variation attributable to phylogeny; Grey: variation 
attributable to N fertilization; White: residual variance. 
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Figure 4: Bullseye plot, nifD/Partner Quality – (A.) Fan phylogeny of nifD with measure of partner quality mapped 
to the tips. Traits, from inside out: shoot mass, leaf number, stolon number, and chlorophyll content. Darker colors 
represent values that are further away from the mean, with blue indicating below the mean (-) and red indicating 
above the mean (+). Strains from two clades are highlighted: the clade in blue is predominantly below the mean, 
while the clade in red is predominantly above the mean. (B.) Amino acid alignment of residues 241-250 of nifD, with 
a MoFe subunit interaction site (residue 244) outlined in red; the same strains are highlighted as above.   
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Table 2: PVCA – The proportion of variance from the first principle component, which accounts for 97.04586 
percent of the total variation in the data, attributable to either the plot of origin, nitrogen fertilization treatment, 
and residual genetic variation.  
Effects Weighted Average Proportion Variance 
Treatment/Plot 0.037 
Treatment 0.136 
Residual 0.827 
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Table 3: ANOVA tables for carbon (C) substrates where utilization differed between treatments. C-substrates with a 
p-value<0.1 are shown; * indicate C-substrates that varied significantly (p-value<0.05) between treatments. 
Caution should be exercised when interpreting these results, as all values fail to meet significance after FDR 
adjustment, so they may be considered marginally significant at best. 
C-substrate Sum Sq Df Mean Sq F-value P-value 
Glycogen*      
Treatment 3.00243e-05 1 3.00243e-05 5.31142 0.026199 
Plot 2.90383e-05 10 2.90383e-06 0.51370 0.870738 
Error 2.37417e-05 42 5.65278e-06   
Tween 40      
Treatment 8.41298e-06 1 8.41298e-06 3.06867 0.08711 
Plot 8.63783e-06 10 8.63783e-07 0.31507 0.97288 
Error 1.15146e-04 42 2.74157e-06   
Adonitol*      
Treatment 0.00005155 1 5.51550e-05 6.36836 0.01549 
Plot 0.00010833 10 1.08334e-05 1.25086 0.28867 
Error 0.00036375 42 8.66078e-06   
i-Erythritol      
Treatment 2.52464e-05 1 2.52464e-05 2.85912 0.09827 
Plot 1.62471e-04 10 1.62471e-05 1.83996 0.08280 
Error 5.19437e-04 42 8.83014e-06   
Bromosuccinic Acid      
Treatment 0.000132605 1 1.32605e-04 2.95500 0.09298 
Plot 0.000529883 10 5.29883e-05 1.18080 0.33057 
Error 0.001884746 42 4.48749e-05   
L-Pyroglutamic Acid      
Treatment 8.01214e-05 1 8.01214e-05 3.25712 0.07829 
Plot 4.19281e-04 10 4.19281e-05 1.70447 0.11165 
Error 1.03315e-03 42 2.45989e-05   
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Figure 5: Hierarchical clustering of principle components 1 and 2, which account for approximately 50% of 
metabolic variance; N-fertilized strains are in blue and unfertilized strains in red, with green dots highlighting poor 
mutualists and orange dots highlighting quality mutualists. Three significant clusters are formed: cluster 1=yellow, 
cluster 2=green and cluster 3=purple. 
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Table 4: Metabolic Fingerprints in total numbers of substrates utilized, by Treatment-Group and broken down by 
substrate type. 
 
Total 
Substrates Sugars Acids Amino Acids Others 
N-fertilized 70 31.88 16 18.24 3.88 
Unfertilized 67.28571429 30.77142857 15.65714286 17.6 3.257142857 
Percent Difference 1.040339703 1.036025998 1.02189781 1.036363636 1.19122807 
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Figure 6: Scatterplot of total gene content in R. leguminosarum bv. trifolii against the number of carbon substrates 
they could successfully utilize. Overlain in green is the simple linear regression line. 
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Figure 7: Phylogeny derived from whole-genome sequence data (Klinger et al., unpublished) with carbon-substrate 
utilization mapped to the tips. Each column (1-96) represents a well (A1-H12) from the Biolog GN2 microplate 
(Hayward, CA)The size of circle represents the degree away from the mean, with white below the mean and black 
above the mean. 
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